Abstract. Temperature and prey availability have a marked effect on the development and growth of Sagitta elegans.This study addresses the effects of thermal stratification on the growth and size of adult S.degans in the western Irish Sea. It shows that in stratified waters, bottom water temperature had a greater effect on the development of mature adults than surface water temperature. Whilst the length of mature individuals caught in 1992 and 1994 decreased with increasing temperature, they did not conform to the models of McLaren (1963) and Sameoto (1971), as the animals were larger than predicted. The long breeding period found in the stratified region, suggests that previous reports of one or two generations per year in the western Irish Sea do not account for the likely mix of generations that occur from February through to September.
Introduction
The chaetognath Sagitta elegans is an important predator of copepods in Arctic and sub-Arctic waters (Alvarino, 1965; Pearre, 1980; Sullivan, 1980; 0resland, 1987) . In the eastern Atlantic, it is distributed as far south as the Bay of Biscay and is one of the two dominant chaetognaths around the British Isles (Russell, 1932; Alvarino, 1965) . Its occurrence in the Irish Sea has been well documented (Pierce, 1941; Khan and Williamson, 1970; Alvarez-Cadena, 1993a) . As in many regions, Irish Sea S. elegans over-winter in an immature state and start breeding between February and March (Pierce, 1941; Alvarez-Cadena, 1993a) . The length of the breeding period has not been clearly defined (Alvarez-Cadena, 1988 ) but large numbers of mature adults have been found through to July, and only a few spawning adults caught in August and September. This has lead to the assumption that there is a short breeding season from spring to early summer in the Irish Sea (Alvarez-Cadena, 1993a) .
The majority of the Irish Sea is tidally mixed throughout the year. However, an area with weak tidal flows in the deeper (60-120 m) western basin becomes thermally stratified from late spring to early autumn (Simpson and Hunter, 1974; Hill et al., 1994;  Figure 1 ). This stratification, with its associated fronts, ensures that large differences in water temperature occur over short distances and depths (Gowen et al., 1995) .To date, studies of Selegans in the Irish Sea have taken place in both the inshore and vertically mixed offshore waters (Pierce, 1941; Khan and Williamson, 1970; Alvarez-Cadena, 1993a,b) . The water temperature in these regions can reach 14-15°C by late July and August, which is considered too high for the successful spawning of Selegans (McLaren, 1963; Sameoto, 1971) . It is also well known that higher temperatures result in smaller Selegans at maturity, leading to lower egg production (Sameoto, 1971; Tiselius and Peterson, 1986) .
In the Irish Sea, much of the biomass of Selegans is found over the seasonally stratified western basin and not inshore (Williamson, 1956) . The lower layers of Gowen el al. (1995) .
by guest on January 13, 2016 http://plankt.oxfordjournals.org/ Downloaded from the stratified water remain relatively cold, 8-10°C, until stratification breaks down in September (Gowen et al., 1995) . Adult S.elegans show strong diel migrations, which are attributed to feeding and breeding behaviour (McLaren, 1969; King, 1979; Lough and Trites, 1989; etc.) . Hence, at the height of summer in the western Irish Sea, this vertical movement through the water column would subject adults to a wide range of temperatures, whereas animals in the mixed and inshore areas are subject to temperatures which are near their upper limit for successful reproduction.
Both water temperature, and food size and availability, have been shown to play major roles in the population development and life strategy of chaetognaths (McLaren, 1963; Stone, 1966; Sameoto, 1971; Zo, 1973; Tiselius and Peterson, 1986; Pearre, 1991) .This study, however, will address the role of the temperature regime offered by the stratified region on the population of S.elegans in the western Irish Sea. Seasonal abundance and maturity data collected in 1994, and during August 1992, will be used to investigate whether S.elegans cease reproducing during the height of the summer as previously reported, and how the hydrography of the region affects the dynamics of the population.
Method
Grids of stations in the western Irish Sea were sampled in August 1992 and April, May, June, August and November 1994 (Figure 2 ). In 1992, the plankton were sampled by vertical hauls of a 0.6 m diameter, 300 um ring net from 2 m above the sea bed to the sea surface, during the day. In 1994, samples were collected using a modified Gulf III type high speed plankton sampler (Beverton and Tungate, 1967) fitted with a 280 um mesh. The high speed plankton sampler was deployed in a double oblique manner from the sea surface to 2 m off the sea bed. Samples were collected during the day in June and August, and at both day and night in April, May and November. All nets were washed upon recovery and the samples fixed in 4% formaldehyde solution buffered with sodium acetate trihydrate.
Two fixed stations were sampled over a 24 h period to determine the impact of diel migration on sampling efficiency. One station, 92 m deep was sampled on 20 May 1994 (54°00'N, S'^S'W) and the other,52 m deep was sampled on 6 May 1995 (53°41"N, S'^'W). At each station, samples were collected using the Gulf III type high speed plankton sampler, deployed in a double oblique manner to 2 m above the sea bed. Samples were taken at 23:00,24:00,01:00; 05:00,06:00, 07:00; 11:00, 12:00,13:00,17:00,18:00 and 19:00 h.
Temperature and salinity data were collected using a Hydro-Bios™ CTD in August 1992 and April 1994. The remaining surveys used a Pronet™ sensor system (Spartel Ltd.Totnes, Devon) attached to the plankton sampler to measure the depth, external and internal flow, temperature and salinity of the water. The density and the stratification of the water column expressed as the potential energy anomaly, cp, was determined following the methods of Simpson et al. (1979) and Gowen et al. (1995) . Values of <p < 10 denote mixed and values of (p > 20J m~3 denote stratified water columns (Simpson et al., 1979) .
Sagitta elegans in ttte Irish Sea.
Sagitta elegans were identified in the laboratory using Pierrot- Bults and Chidgey (1988) and the numbers expressed as abundance m~2.The abundance m~2 for the ring net samples was calculated assuming that the net had sampled a truly vertical profile. Fifty unstained S.elegans from the four most populous stations in each cruise were measured to 0.1 mm and classified into one of three stages following Russell (1932) and Zo (1973) (Figure 2 ). As August was of particular interest to this study, 50 S.elegans from each of the remaining August 1992 stations and also from a further 10 stations from the August 1994 cruise were measured and staged.
Data analysis
The data wefe analysed using GENSTAT™ statistical package. The measured lengths of individual S.elegans were not corrected for the shrinkage caused by fixation. Distribution contour plots were produced by Kriging the data (a gridding method which uses linear variograms) on the SURFER™ plotting package (Golden Software Inc.).
The variation in the catch of adults from the fixed stations over the 24 h period was assessed by plotting the deviation from the mean abundance at the station (i.e. the mean abundance -actual catch), over the time of sampling. The mean catches of adults around 24:00,06:00,12:00 and 18:00 h were also compared by analysis of variance of logio transformed data. Each of the three samples collected around the central sampling time was treated as a replicate.
Three types of model were fitted to the length and temperature relationship from stations with available data: a linear regression, the B61ehrddek function of McLaren (1963) 
where v is mean length of the adults and x is temperature, and that of Sameoto (1971) 
where y is the mean body length at maturity and x is the water temperature throughout development Stations with less than three stage HI length measurements were discarded from the data set. As the mean temperature from the animals' history was not available, the surface and bottom water temperature at the time of sampling were used. The potential egg production per mature S. elegans was estimated using the relationship from Sameoto (1971):
where the number of eggs (y) is related to the body length (x) in mm.
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Results

Seasonal distribution
Throughout the year S.elegans were more abundant offshore ( Figure 2 ). In April only stage II and III (mature) individuals were caught at maximum levels of 50-80 nr 2 ( Figure 3 ). Abundances were still low by May, although stage I animals were caught ( Figure 3 ).The highest numbers of stage III S.elegans were caught in June, 1670 m~2 at station Jl ( Figure 3 ). By August, total abundances reached 2000-6000 m~2 with no stage III animals in the north of the region. As in August, higher numbers of stage I animals were found in the North Channel in November but overall abundances in the south of the area appeared to be on the decline ( Figure  2 ).
No clear diel sampling effect was detected during the two 24 h fixed stations (Figure 4) , with mean adult abundances of 462 and 25.6 nr 2 in 1994 and 1995, respectively. The sampling variance (expressed as coefficient of variation) for the catches of adults at the same station was 36% and 42% in 1994 and 1995, respectively. No significant difference was detected between the catches of adults made at 24:00,06:00, 12:00 and 18:00 h (ANOVA, 1994 F= 1.33,11 df, P > 033; 1995 F= 0.62, 11 df, P > 0.62). Both stations were stratified with the difference between surface and bottom temperature (AT) = 1.1 and 2.0°C in 1994 and 1995, respectively.
The mean length of stage I animals increased through the year from 11.9 to 13.9 mm, whereas the mean length at maturity (stage III) decreased from 20.6 mm in April to 15.2 mm in August ( Figure 5 ). Apart from a large drop in mean size, from 19.6 to 15.9 mm, during April to May, the mean length of stage II S.elegans showed little seasonal change ( Figure 5 ).The standard errors of mean lengths for all stages in August were double those of the other months' samples. 
Summer distribution
In the vicinity of the front to the south west of the Isle of Man, the strong physical features of the water column appeared to affect the distribution of S.elegans ( Figure 6 ). By August the thermal stratification was very strong, ip = 60 J m~3 ( Figure 7 ). In 1994, both the stratified and tidally mixed waters, south of station S2, had high numbers of all stages ( Figure 6 ). The mixed waters had much higher abundance of stage I S.elegans, 1000-2500 m~2, than the stations in the stratified region, 400-800 nr 2 . The stations in the frontal region had lower catches of all stages ( Figure 6 ). The distribution was similar in 1992 (Figure 6 ), although more stage I animals were found in the centre of the stratified region when compared to the mixed regions.
Whilst similar abundances of mature S.elegans existed in the mixed and stratified waters to the southwest of the Isle of Man, the size of the mature individuals differed greatly. A change in mean body length across the frontal region was found in both 1992 and 1994 (Figure 8 ). However the third station from the west Temperature and adult length A linear regression best described the relationship between the temperature and mean mature adult length (Table I ). The adult length had a significant relationship to both surface and bottom water temperature (P < 0.001), but the linear regression of length over bottom water had the best fit, r 2 = 0.74 ( Figure 9 ). The relationship described by Sameoto (1971) (1963), but the mean lengths found during this study were 2-4 mm longer than the predicted values of Sameoto's model (Figure 10 ).
Potential egg production
The potential number of eggs produced nr 2 , estimated from Sameoto (1971) body length to egg number relationship, showed a strong seasonal trend (Table II) . The highest abundance of potential eggs occurred in June with the mature S.elegans in the stratified region able to produce -50 000 eggs nr 2 , while the density of adults in the North Channel had the potential to produce over 77 000 eggs nr 2 . By August the number of potential eggs declined, with a maximum of 20 000-30 000 nr 2 in the stratified region. In both August 1992 and August 1994, the stratified region had the highest potential production (Figure 11 ) and the frontal region had the lowest number of potential eggs, two orders of magnitude lower than that of the stratified region. 
Discussion
The high abundance of S. elegans found in the offshore, deeper parts of the western Irish Sea confirms the findings of Williamson (1956) . However, abundances of 4000-6000 S.elegans m~2 have not been previously recorded in the region. It is likely that the low numbers found in previous studies are due to the sampling sites being coastal (Alvarez-Cadena, 1988; Graziano, 1988; but not Williamson, 1956) . Densities similar to those found in this study have been found by other investigators, in the English Channel, Nova Scotia, Galway Bay, Puget Sound and Georges Bank (Russell, 1933; Zo, 1973; O'Brien, 1976; King, 1979; Lough and Trites, 1989) . Differences in numbers caught between samples could be attributed to sampling error caused by diel migration effects, and not spatial differences in abundance. However, as the surveys in June 1994, August 1992 and August 1994 were all carried out during the day, these errors are unlikely to have an effect. Nevertheless, it should be noted the abundance across the region hence may be underestimated.
As no detectable diel sampling error was found during the two 24 h fixed stations (Figure 4) , diel sampling error is unlikely to have a great effect on the results from the remaining cruises. The deploying of the sampler to 2 m off the bottom appears to have sampled the same proportion of the adult population whether during day or night. The overall sampling variance in adult catches, of 36-42% during the 24 h fixed stations, is near the lower level of variance found by other authors, reviewed by Wiebe and Holland (1968) . However, this random variance would not mask spatial gradients which change in orders of magnitude over a line of stations, as found in April, May and November.
The state of the population found in winter and spring conforms to the norm for S.elegans at this latitude in the eastern Atlantic (Russell, 1932; Pierce, 1941; AlvarezCadena, 1993a; O'Brien, 1976; 0resland, 1985) and in Long Island Sound (Tiselius and Peterson, 1986) . As a result of the 280 um mesh on the plankton sampler, the smallest newly hatched animals were not sampled, hence only stage II and stage III animals were caught in April 1994. However, by May, the stage I S.elegans had grown large enough to be caught (mean length = 11.9 mm). These animals were probably spawned in February or March at 12 mm long (Kotori, 1975) , although Alvarez-Cadena (1993a) did find mature adults in January 1987. The large drop in mean length of stage II animals between April and May suggests a recruitment of younger animals from the early spring spawning. However, the lack of a seasonal trend for the rest of the year in the mean lengths of stage n animals suggests that the population is very dynamic with many recruits throughout the year.
The peak of spawning appeared to occur in June and continued past August in the south of the region but probably ceased north of 54°N some, time in July (Figure 3 ). As expected (Russell, 1932 etc) the mean length of stage HI Selegans decreased through the seasons. This temperature effect is most marked during August, when the temperature gradients are at their greatest, and has resulted in larger standard errors of the mean lengths (Figure 4) .
In summer, critical gradients in salinity appear to have little influence on stratification in the western Irish Sea (Gowen et al., 1995) . Therefore, the significant correlation between <p and the mean body length in August can be used as an example of the classic temperature to length at maturity relationship. However, it should be noted that the effect of prey size and prey density was not assessed. With diel migrations, the animals in the mixed waters will experience similar water temperatures throughout their development whereas animals in the stratified waters experienced colder and warmer temperatures every day (Figure 7) . The presence of larger animals in the stratified region suggests that the cold bottom waters had a greater influence on the size at maturity than the warmer surface waters. This argument is borne out by the stronger relationship between bottom temperature to adult length than surface temperature to adult length with r 2 = 0.74 and r 2 = 0.47, respectively.
These differences in water column structure also had a marked effect on the abundance of S-elegans. Very few animals were found in the frontal region in both 1992 and 1994 ( Figure 5 ). The interaction of Selegans and hydrography has been a major field of research this century, suggesting Sagitta spp. are good indicator species of water masses. However, these works do not explain the absence of Selegans from the Isle of Man-Dublin front. Lough and Trites (1989) suggested that mature Selegans are kept on the Georges Bank by low flow near the sea bed, Tande (1983) also mentioned the mass occurrence of Selegans near soft bottoms.
In August, density gradients in the stratified region of the western Irish Sea lead to the formation of a cyclonic gyre with a circulation of -20 days (Hill et al., 1994) . This gyre has been suggested as a mechanism for the retention of Nephrops norvegicus larvae over the mud patch in the western Irish Sea (White et al., 1988; Hill and White, 1990) . The retaining mechanism of the gyre could explain the concentration of Selegans to the west of the front, however, further work is needed to account for the absence of Selegans in the frontal region itself.
It is also difficult to suggest a mechanism for the absence of mature Selegans north of 54°N in August by hydrography alone. The population at station S2 (Figure 2 ) is in a strongly stratified region (AT = 7.0°C), whilst the stations in the North Channel are just as deep (-110 m) with a mixed water column (mean temperature 11.6°C). Although high densities of stage I and stage II S.elegans existed in this region, no breeding populations were found. As mentioned before, the size and abundance of prey can have a large impact on the maturity and size at maturity of Selegans (Wimpenny, 1937; Stone, 1966; Reave, 1970; Pearre, 1980 Pearre, , 1982 and starved chaetognaths can shrink and re-absorb gonadal tissue (Reave, 1970) . Unfortunately no prey data are available from these stations and published data on copepod abundance and production in the Irish Sea in August are scarce. The important prey species Acartia clausi (Alvarez-Cadena, 1993a ) is abundant in the stratified region during late summer (Williamson, 1956; ScropeHowe and Jones, 1985) and no discernible difference was found between A.clausi abundances in the North Channel and the western Irish Sea basin in August 1994 (G.McCullough, Queens University Belfast, personal communication). However, without any copepod production data, it is difficult to assess the impact of prey abundance, especially at such high abundances of stage I S.elegans (4700 m-2 ). The bottom temperature showed a stronger relationship to the mean length of adults than the surface temperature (Table I) . Over the temperature ranges sampled, a linear regression proved to be the best model. Below ^C, the model of McLaren (1963) predicted larger animals than caught, and the model of Sameoto (1971) consistently predicted shorter lengths (2-4 mm less) than found. McLaren (1963) suggested that his model was not suitable for stratified waters, which appears to be the case.Tiselius and Peterson (1986) also found that McLaren's model underestimated the size of adults caught Sameoto (1971) also stated that his model could be used in reverse to determine the mean temperature of water during the animals' development However, the model predicts temperatures which are 4-5°C lower than those observed at the time of sampling. A difference which is judged too great to represent the actual temperatures experienced during the animal's life.
No egg abundance data were collected during this study but the egg number to body length relationship (Sameoto, 1971 ) was used as an indicator of potential production. This model has been found to approximate to field data (Tiselius and Peterson, 1986) . It is clear that the egg production was highest in June. By late summer, the interaction of water temperature, physical processes and possibly prey abundance had a marked effect on the potential egg production. The cold bottom water of the stratified region offered a better temperature regime for egg production than the mixed region.
It appears that the western Irish Sea supports an 8 month breeding period from February to September. This could correspond to -2160 and 2520 degree days for the stratified and mixed waters, respectively. Whilst comparing degree days from different regimes can lead to errors due to the assumption of a linear response, previous reported generation times range from 400 to 800 degree days (McLaren, 1963; Sameoto, 1971; Tiselius and Peterson, 1986) . Thus suggesting that the Irish Sea has the potential to produce 3-6 generations per year. This longer reproductive season combined with the likelihood that S.elegans shed their eggs in batches over an extended period (Pearre, 1991) and not all at once, implies that no clear generations exist, apart from the initial over-wintering immature population. Continual recruitment through the spring and summer, and individual variations in growth would ensure that clear cohorts do not exist and hence explain the failure of intensive studies to identify clear growth rates.
In conclusion, the population of S.elegans in the western Irish Sea breeds from February through to September. It is likely to consist of a mix of different generations, with a final brood over-wintering as stage EL The development of adult S.elegans in stratified regions appears to be affected by the bottom water rather than the surface water temperature. The retaining mechanism of the gyre ensures that the population is held over stratified water in late summer, thus allowing the population to produce more eggs than those in the mixed and inshore regions of the western Irish Sea.
